In engineering systems, features such as textures or patterns on curved surfaces are common. In addition, such features, in many cases, are required to have shapes that are conformal to the underlying surfaces. To address the fabrication challenge in building such conformal features on curved surfaces, a newly developed additive manufacturing (AM) process named computer numerically controlled (CNC) accumulation is investigated by integrating multiple tools and multiple axis motions. Based on a fiber optical cable and a light source, a CNC accumulation tool can have multi-axis motion, which is beneficial in building conformal features on curved surfaces. To address high resolution requirement, the use of multiple accumulation tools with different curing sizes, powers, and shapes is explored. The tool path planning methods for given cylindrical and spherical surfaces are discussed. Multiple test cases have been performed based on a developed prototype system. The experimental results illustrate the capability of the newly developed AM process and its potential use in fabricating conformal features on given curved surfaces.
Introduction
AM, also known as layer manufacturing or solid freeform fabrication, is the process of joining materials to fabricate parts directly from computer-aided design (CAD) models. During the last 20 years, many novel AM processes such as stereolithography (SLA), selective laser sintering, and fused deposition modeling (FDM) have been successfully commercialized. Recent advances in material, process and machine development have enabled AM processes evolving from prototyping usage (Rapid Prototyping) to product manufacturing (Rapid Manufacturing) [1] .
Most current AM processes are layer-based by utilizing layer by layer deposition or lamination. While the uniform layers make the algorithm development, software coding, and hardware implementation simpler, it is usually accompanied by lowered surface quality. In addition, a built feature will have different material property depending on its building orientation, especially for small features whose sizes are close to the layer thickness. Figure 1(a) shows an example of a curved surface and conformal features on the surface. The given shape is first sliced into a set of two-dimensional (2D) layers. Accordingly a physical object is fabricated by stacking all the sliced 2D layers together. The fabricated features on the curved surface will have inconsistent size and shape, which may affect the desired material property. In addition, issues such as layer overcuring in the Z axis will pose severe limitations on the accuracy of the fabricated features.
Various approaches have been presented to address the aforementioned problems. Techniques including controlled cure depth [2, 3] , postprocessing [4, 5] and meniscus methods [6, 7] were proposed to improve the surface finish of layer-based fabricated parts.
Research on model shape modification [8, 9] and hybrid process development [10, 11] were conducted in order to enhance the fabrication capability of AM processes. To address inconsistent bond-quality that limits applications for higher strength parts [12] , studies of optimizing process parameters to provide better mechanical property of fabricated parts were also performed [13] . However, all the approaches can only address one or a few of the drawbacks associated with the layer-based fabrication approach.
Recently the development of nonlayer-based methods has been identified as an important research direction for future AM development [1] . A few attempts have been made including laser-aided direct metal deposition [14] [15] [16] [17] , directed light fabrication [18] , and laser direct casting [10] . Those techniques can deposit molten metal powders in an arbitrary direction with the assistance of 5-axis motions. Consequently such AM processes can be used to repair and rebuild worn or damaged metal components. Less research on multidirectional building techniques for plastics were found. A 5-axis fusion deposition modeling process was reported in Ref. [5] . However, the surface finish of fabricated parts is limited due to the use of filaments in the FDM process. In the paper a nonlayer-based additive manufacturing process named CNC accumulation is presented. For the fabrication of a curved surface and related features on the surface, the CNC accumulation tool path can be planned based on the given geometry. Figure 1 (b) illustrates the CNC accumulation process for the given model as shown in Fig. 1(a) . Since both the building orientation and layer thickness can be planned based on the given curved surface, the model can be fabricated with better surface finish, more consistent material property, and in a shorter fabrication time for the geometry.
process [20] . However, different from the SLA process, the curing tool in the CNC accumulation process is submerged under the resin. Hence, the tool can cure resin in various orientations without concerning material feeding. A critical problem to be addressed in the CNC accumulation process is how to ensure the newly cured resin will attach to the base or previously built part instead of the accumulation tool since the tool will be in direct contact with resin.
In our previous work [19] , the relations between the cured shapes related to the input light energy were studied. The experimental results showed that the curing depth C d is proportional to the logarithm of the exposure energy. The attaching forces in the CNC accumulation process were also studied. Based on curing equations and designed experiments, the attaching forces related to a set of process parameters were modeled. In order to ensure the cured resin can be safely detached from the tool, the relations between the attaching force and different types of surfaces including fiber optical, plastic film, Teflon film and cured resin were studied. Among them, the best detaching performance is achieved based on:
(1) Applying a coating of Teflon film on the tip of the curing tool such that the attaching force between the resin and the tool can be reduced. (2) Ensuring adequate resin overcure such that the attaching force between the newly cured resin and the base or the previously built part can be sufficiently large.
An integrated CNC accumulation system with an embedded three-dimensional (3D) scanner has been developed for automatic building-around-inserts [21] . Figure 2 shows a test example to demonstrate the feature modification of a given plastic part. In the test, the laser-based SLA process is first used to build the CAD model as shown in Fig. 2(a) . The fabricated part was positioned in a tank, which is scanned and then filled with resin. Using an accumulation tool by following the tool path as shown in Fig. 2(b) , a modified part with the added feature can be fabricated (refer to Fig. 2(c) ).
Contributions.
The feasibility of the CNC accumulation process has been demonstrated in our previous work [19, 21] . The focus of this paper is to investigate the use of the CNC accumulation process in fabricating conformal features on curved surfaces. Although the layer-based AM processes can fabricate various complex shapes, the fabrication of conformal features on curved surfaces could be problematic due to the aforementioned defects such as inconsistent material properties, coarse surface quality, and low fabrication efficiency. In this paper a multitool and multiaxis CNC accumulation process is presented, and its use in fabricating conformal features on curved surfaces is investigated. The technical challenges and related solutions in developing such a process are discussed. Multiple test cases have been performed to illustrate the capability of the newly developed AM process. It is demonstrated that highly flexible tool motions are critical for building conformal features on curved surfaces. The developed CNC accumulation system can also be used in applications such as build-around-inserts and multimaterial fabrication.
Overview of the Multitool and Multi-Axis CNC Accumulation Process
The CNC accumulation process is a nonlayer-based AM process that directly uses tools to selectively cure liquid resin. Two main advantages of such an AM process include: (1) The allowable motions between the tool and the work piece are significantly increased and (2) the feeding of liquid resin is straightforward since the tool is submerged under the resin. In order to fabricate conformal features on curved surfaces, the use of multiple tools and multi-axis motions are investigated in the CNC accumulation process:
(1) Multiple tools. A single accumulation tool was used in our previous work [19] . The light spot size of the tool is $1.57 mm. Transactions of the ASME Such a resolution is usually insufficient for fabricating fine features on curved surfaces. Motivated by the commonly used multitool stations in CNC machines [22] [23] [24] , alternative accumulation tools with higher resolution and in various shapes are investigated in this paper. Accordingly a CNC accumulation system with multiple tools has been developed. The tool path planning based on multiple accumulation tools are also discussed for building features with varying resolutions in a single component. (2) Multi-axis tool motion: In addition to translational motions in the X, Y, and Z axes that are commonly used in the layer-based AM processes, the tools in the CNC accumulation process can have multiple rotational motions as well. Inspired by the multi-axis CNC machining process, the tool path planning for building features on curved surfaces such as cylindrical and spherical surfaces is investigated. The desired tool motion is required to consider both built features and the underlying surface in order to achieve desired shapes. Figure 3 shows a schematic illustration of a multitool and multi-axis CNC accumulation system. A photo of the developed prototype system is shown in Fig. 4 . In the system, two sets of accumulative tools are used to demonstrate the multitool station concept. The ultraviolet (UV) light-emitting diode (LED) of the larger tool is from Nichia (NCSU033A). A sapphire ball lenses (NT43-831 from Edmunds Optics) is used to focus light on a quartz fiber optic light guide (NT38-954 from Edmunds Optics). The spot size of the provided UV light has a similar size to the core size of the optical fiber, which is 1.57 mm. The UV-LED used in the smaller tool is from Mightex System (FCS-0365-000).
The optical fiber is also from Mightex System (FPC-0200-22-02SMA). The core size of the optical fiber is much smaller ($0.3 mm or 300 lm). A Teflon film is applied on the tip of both tools. A 5-axis motion system is designed to allow the accumulation tools to be able to provide UV light in various orientations. The 5-axis motion includes the X, Y, Z translations and the A, C rotations. The X, Y, and C motions are applied to the workpiece while the other two are applied to the tool. Using the setup, multiple test cases have been performed to illustrate the capability of the CNC accumulation process in fabricating conformal features on curved surfaces.
The remainder of the paper is organized as follows. Section 3 presents the curing properties of the accumulation tools. Section 4 presents the process settings that are identified for the accumulation tools. Section 5 discusses the multi-axis tool path planning for curved surfaces. Section 6 discusses the multitool selection for curved surfaces. Section 7 presents four test cases and related experimental results. Finally, conclusions are drawn with future work in Sec. 8.
Curing Performance of CNC Accumulation Tools
Similar to the CNC machining process, it is desired to have a wide variety of accumulation tools in the CNC accumulation process that may have different shapes, sizes, light intensities, and resolutions (refer to Fig. 5 ). In addition, a tool changing station may be developed to enable the dynamic change of the accumulation tools during the building process. Hence, an appropriate tool can be used in fabricating a given geometric shape.
In the CNC accumulation process, sufficient energy has to be provided to initiate the polymerization process. As extensively studied in the SLA process, a critical energy exposure threshold can be found for a given type of liquid resin. According to our previous study of the gap between the tool and the built part, a specific gap as well as the curing depth can be identified based on the critical energy [19] . For fixed curing depth and penetration depth, the curing width is proportional to the spot diameter
). Thus, a highly focused UV spot can cure a feature with high resolution while a tool with a much larger spot can cure a large area with an increased building speed. A single tool with a spot diameter around 2 mm was used in our previous work [19] . In this study, a second tool is added with a spot diameter of 0.3 mm. In the paper, they are named large tool and small tool, respectively. By integrating the two accumulation tools in the system, a good balance between the building resolution and fabrication speed can be achieved.
The curing performances of the two accumulation tools based on the aforementioned UV LEDs and fiber cables are measured and compared. For a photocurable resin (Accura 60 from 3D Systems), a set of experiments have been conducted to model the curing performance of the accumulation tools. Figure 6 shows the relation between curing depth and curing time for the point curing case (i.e., the curing tool is moving in Fig. 3 A schematic illustration of the multitool and multi-axis CNC accumulation process Fig. 4 The hardware setup of a multitool and multi-axis CNC accumulation system the curing direction [19] ). As shown in the figure, the fitted curves are close to the polymerization equations for both tools. In addition, for the same exposure time, the small tool will always cure deeper than the large tool. Results also indicate that the cured shape by using the small tool has a smaller size than the large tool. Figure 7 shows the relation between curing width and curing speed for the line curing case (i.e., the curing tool is moving in a direction that is orthogonal to the curing direction [19] ). As shown in the figure, the large tool has much larger curing width than the small tool for the same motion speed. When the curing speed is fast (>0.75 mm/s), nothing will be cured by using the large tool while the small tool can still cure lines with a high resolution. Based on our experiments, the minimum line width (i.e., lateral resolution) that can be achieved by the small and big tools is around 0.2 mm and 1.5 mm, respectively.
Process Settings of Multitool CNC Accumulation System
The process settings of the large tool have been studied based on trial-and-errors in Ref. [19] . However, the resolution of the large tool is much lower than that of the small tool. As shown in Figs. 6 and 7, the small tool has a higher motion velocity, a bigger curing depth and a smaller line width. To identify the optimal curing speed of the small tool under different parameters settings such as curing gap, UV power, base material, and curing strategy, a statistical methodology based on the design of experiments (DOE) is performed. As shown in similar studies for the machining and AM processes [25] [26] [27] [28] , the statistical study based on DOE has a good capability in identifying appropriate manufacturing process settings.
Design of Experiments.
The relation between the curing speed and other processing parameters is to be established. One critical accumulation process setting in the accumulation process is tool velocity. If a tool moves too fast, the accumulation process may fail because the newly cured resin may not be able to attach to the base or previous cured parts. On the contrary, a slow tool velocity will lead to longer building time and lower resolutions. Other important process parameters that may affect the optimal curing speed include curing gap, UV light intensity, base material, resin temperature, and curing strategy. For the two major types of curing motions in the CNC accumulation process (line curing and point curing), experiments are designed to identify the fastest curing speed, at which the desired building resolution and feature attachment can be achieved.
Response.
The response of the statistical study is the curing speed V. The highest speed V max in our hardware setup is 3.556 mm/s. To simplify the recording and calculating process, a coefficient value ðV=V max Þ is used to represent a curing speed V. The thickness of the cured portion is equal to the distance between the tool head and the base. According to our previous experience, this factor has two levels: 1.27 mm denoted as þ1, and 0.762 mm denoted as À1. (c) Base type: Two types of material bases are tested including a plastic film and a cured resin surface. The former one is set as þ1 and the latter À1. (d) Curing strategy: Two curing strategies are tested including (i) the tool head is above the resin surface; and (ii) the tool head is submerged in the liquid resin. In both cases a Teflon coating is applied on the tool head. The former one is set to be the first level (denoted as þ1), and the latter one is denoted as À1. The factor settings are summarized in Table 1 .
Experiment Design.
In the line curing experiments there are four factors in the line curing study. A 2 fractional factorial design is planned to study the defining relationship of I¼ABCD. In the point curing experiments, there are three factors in the point curing study since the curing strategy (D) must be in resin. A 2 3 full factorial design experiment is designed for the three factors (A, B, and C). Three replicates are carried out for each designed setting to analyze the dispersion.
Experiment Procedure.
For the line curing study, a 2D line on a planar base is fabricated by moving the tool head horizontally. For the point curing study, a 3D rod on a planar base is fabricated by moving the tool head along the normal of the base surface. For each given parameter setting, experiments are performed by slightly varying the curing speed V. For each tested speed, ten replicated experiments are performed. The maximum speed is identified such that the related curing line resolution is less than 0.3 mm and the success rate is larger than 80% (i.e., eight or more results satisfy the given requirements).
Experimental
Result and Analysis-Line Curing. The experimental result of the line curing case is shown as in Table 2 . As discussed before, the defining relation is I ¼ ABCD, where A is UV light power, B is gap distance, C is base type, and D is curing strategy. The aliasing relationships are:
All the four main effects are clear. According to the hierarchical ordering principle, the main factors A, B, C and D are likely to be more significant than the three way interaction factors BCD, ACD, ABD, and ABC. In addition, two-way interaction effect AB, AC, and BC are more significant than other two-way interaction effects. The factorial effects can be obtained as shown in Table 3 .
The half-normal plots (refer to Fig. 8 ) were used to analyze the significant effects. It is indicated that main effects D and A are significant to location, while B and D are significant to dispersion. The regression equations for location and dispersion, respectively, areŷ
whereŷ is the expectation of the curing speed andẑ is the variance. Since the critical point of the optimal speed is identified as the largest feasible speed, it can be considered as a larger-the-better problem. Consequently both þ1 levels for A and D are chosen to maximize the average expected optimal velocity E(y), and B and C are set to þ1 as well to minimize the variance of optimal velocity Var(y). Thus, the optimal setting for the line curing case should be (þ,þ,þ,þ), which means that light power is 495 mW, 
Results and Analysis-Point Curing. The experimental result of the point curing case is shown in Table 4 . The factorial effects and related half-normal plots are shown in Table 5 and Fig. 9 , respectively.
It is shown that A and AB are significant location effects, and C and A are significant dispersion effects. The regression equations for location and dispersion are given as follows:
Thus, the optimal setting for the point curing case should be (þ,þ,-), which means that light power is 495 mW, gap size is the big level 1.27 mm, and the base material is cured resin. The corresponding curing speed is 0.56 mm/s.
Verification Experiments and
The shape and related tool paths of the dragon pattern are shown in Fig. 10(a) . The bounding box size of the dragon pattern is 25.4 Â 12.7 mm. Figure 10(b) shows the cured dragon pattern using the large tool. Figure 10(c) shows the cured dragon pattern using the small tool with the settings of (þ,À,þ,þ), in which the gap size is 0.762 mm (B ¼ À1). In comparison, Fig. 10(d) shows the cured dragon pattern using the small tool with the optimal setting identified in the statistical study (þ,þ,þ,þ). The testing results verified that using the small tool with the optimal setting identified in the statistical study can lead to a building resolution that is less than 300 lm. The shape and related tool paths of the characters are also shown in Fig. 10(a) . Figure 11(a) shows the cured characters using the large tool. In comparison, Fig. 11(b) shows the cured pattern using the small tool from the same tool paths. The results demonstrate that the small tool can achieve a much clearer outline than the large tool.
Motion Planning for Building Features on Curved Surfaces
Extensive work has been done on tool path planning for CNC machining (e.g., Ref. [29] ). In comparison, few attempts have been made on multi-axis tool path planning for additive manufacturing processes. In a work done by Sundaram and Choi [30] , a direct slicing procedure for the 5-axis laser-aided metal deposition process is presented. A neutral exchange format IGES was used as the slicing format. The SURFCAM system developed for 3-to 5-axis milling process was customized for the material deposition operation. An adaptive slicing method for the multi-axis laseraided manufacturing process was investigated in Refs. [11, 31] . A software system was developed using Visual Cþþ and OpenGL and integrated with their hardware system. The slicing direction can change with the surface curvature of the part. The layer thickness can also be changed to make the overhang of all adjacent layers be within the maximum overhang range. Thus, the sliced part can be built without any support structure. The aforementioned multi-axis tool path planning methods are all designed for the metal-based AM processes. In addition, only a single tool was considered in the studies. For the purpose of building conformal features on curved surfaces, the tool motion, and building process of the multitool and multi-axis CNC accumulative process are discussed as follows.
Tool motion for Different Curved Surfaces.
In order to achieve a better lateral resolution and accuracy, it is generally desired to plan the circular path by using rotation motion instead of the interpolation of X-Y translations as illustrated in the 5-axis CNC machining process [32, 33] . For a given curved surface especially cylindrical and spherical surfaces, a five-axis motion Transactions of the ASME including three translations along the X, Y, Z axis and two rotations A and C around the X and Z axes can be utilized. Figure 12 (a) shows the 5-axis motion configuration incorporated in our CNC accumulation system. In addition to the X, Y, Z translations, the rotations C is used for controlling the tools to scan around spherical or cylindrical surface; and the rotation A is used to position the tool to the normal direction of a curved surface. Consequently, a desired surface quality and material consistency can be achieved by such a 5-axis CNC accumulation process. To simplify the tool path planning problem, a coordinate system is constructed with three constraints including: (i) the rotation centers O 1 and O 2 are aligned on the same height along the Z axis; (ii) the tool is aligned to be parallel to the Z axis; and (iii) the tool is pointing to the rotation center O 1 .
As shown in Fig. 12(b) , an arbitrary curved surface could be described by two radiuses of curvatures at a given point, R 1 and R 2 . In this paper, three types of surfaces (flat, cylindrical, and spherical surfaces) are considered.
(1) Flat surface: When R 1 and R 2 are both infinite, the surface is flat. Figure 12 (c) presents an illustration of fabricating features on a flat surface. In the figure, the blue color lines represent the cured resin on a base surface; and a gray block denotes the tool head. Accordingly, the material curing path direction is denoted as T 2 , which is an interpolation of the X and Y axis motions. The material accumulation direction is denoted as T 1 , which can be achieved by the Z axis motion. Thus, the tool path planning for the flat surface case is the same as conventional AM processes based on the translations along the X, Y and Z axes. (2) Cylindrical surface: When one of the curvatures is infinite and another one is finite, the curved surface is a cylindrical surface. Two different types of cylindrical surfaces are shown in Figs. 12(d) and 12(e). To fabricate conformal features on such surfaces, multiple axis movements including rotations are required. In both cases, the tool needs to be tilted by h degree using the rotation A such that it can be aligned to the normal direction of the cylindrical surface. Thus, the material accumulation process can be facilitated either along the accumulation direction T 1 , or along the curing directions T 2 and T 3 . For the cylindrical surface as shown in Fig. 12(d) , the Y and Z translations are combined to define T 1 and T 2 . In addition, the C rotation is used for curing around the cylindrical surface. For the cylindrical surface as shown in Fig. 12(e) , the Y, Z translations are combined to define T 1 . The X translation is used to define the curing path T 2 along the cylindrical surface. (3) Spherical surface: When both curvatures R 1 and R 2 are finite and equivalent, the surface is a spherical surface. For fabricating features on a spherical surface, the rotation A is used to position the tool in the normal direction of the spherical surface. As shown in Fig. 12(f) , the accumulation direction T 1 and the curing directions T 2 can be defined by combining the A, C rotations with the Y, Z translations.
Building Process for
Features on a Spherical Surface. As a cylindrical surface can be viewed as a special case of a spherical surface by setting one dimensional curvature as infinite, its tool path planning can be derived from the more general case of a spherical surface. The building of features on a spherical surface is discussed as follows. Figure 13 shows an example in which a set of rods are fabricated on a spherical surface. In the multitool CNC accumulation process, the large tool is first used in building the base spherical surface. After the base surface has been built, the small tool can then be used in building the rods on the surface. A description of the building process based on both tools is given as follows:
(1) Initialize the position for the large tool and the motion for 5 axes. Transactions of the ASME For a given test case and the related CNC accumulative process, the design and manufacturing parameters and their constraints can be identified as follows:
(1) Identifying design parameters:
h: the A rotation angle between two neighboring rods d: the distance between two neighboring rods h i : the A rotation angle between the bottom with the rods in the ith round b i : the C rotation angle between two neighboring rods in the ith round N: the number of rounds (2) Identifying manufacturing parameters: D: diameter of the tool head R: radius of the spherical base a: diameter of the rod l: height of the rod W: the maximum rotation angle that the tool can achieve (3) Parameter constraints: Some constraints may exist due to the tool and part collision and the hardware setup. For example, the tool head may collide the neighboring pillars if h is too small. Hence, the minimum value of h can be derived based on D, a, R, and l. As another example, suppose W is the maximum angle that the tool head can be rotated. Accordingly the maximum number of rounds (N) will be limited by W. A list of such constraints on the aforementioned parameters is given as follows:
With some adjustments, the parameters and constraints can also be applied to features on other curved surfaces. For example, to fabricate a dragon pattern on a spherical surface, the pattern can be decomposed into multiple layers on the surface. The parameter a and h can vary in different layers and be combined with the Y, Z motions to define a set of close loops. Note l would not be a constant for each layer. Similarly, the building process can be extended to fabricate other types of features on a spherical or a cylindrical surface.
6 Tool Selection for Building Features on a Curved Surface 6.1 Selection of a Straight Accumulation Tool. For an accumulation tool that has a cylindrical shape with a diameter d t , two types of collision may exist in the fabrication process. In the first case (refer to Fig. 14(a) ), a tool may be too big to reach a curing depth c d in a curved surface with a curvature r s (i.e., ðd t =2Þ P 0 P 1 j j). In the second case (refer to Fig. 14(b) ), a tool may be too big for a rotating angle h related to a curved surface (i.e., OP 2 j j OP 3 j j). The tool size based on the related constraints can be derived as
; and (6.1)
where d t is the diameter of the tool, r s is the smallest surface curvatures in all dimensions, and c d is the curing depth. Therefore, for fabricating features on a given cylindrical and spherical surface with given surface curvature, the tool size d t can be selected by setting the related r s in the equations.
Test of an Angled Tool for Fabricating
Features on a Vertical Surface. Materials can be accumulated in a variety of directions with the aid of tool rotations. However, the feasible rotation angle h max is limited for a straight tool as shown in Sec. 6.1. In order to build features on a surface that requires a large rotation angle (e.g., a vertical surface), a nonstraight accumulation tool can be used in the fabrication process. As shown in Fig.  15(a) , an angled accumulative tool was made for testing in our multitool and multi-axis CNC accumulation system. Similar to the straight tools as discussed before, the angled accumulation tool is also made of a fiber optics guide with a Teflon film coating. The only difference is that the tool head is bent by a certain angle (e.g., 45 deg). A test case of repairing a slot on a vertical surface is performed to illustrate the capability of the CNC accumulation process on building features along the Y axis. Such accumulation process would be impossible for a straight tool as shown in Fig. 4 . In the test, a physical model is first built by a commercial SLA machine (refer to Fig. 15(b) ). The built cube has four slots on one side. Suppose the bottom one needs to be enclosed. The planned tool path based on the X and Y axis motions is shown in Fig. 15(c) . The built physical model is shown in Fig. 15(d) . Hence, angled accumulation tools can enable building features on curved surfaces that are vertical or even facing downward.
6.3 Test of Accumulation Tools With Mask Patterns. In addition to different bending angles, an accumulation tool used in the CNC Accumulation process can have different mask patterns for curing various shapes. A simple test to illustrate the idea is shown in Fig. 16(a) . A heart-shape physical mask applied on the end of the angled tool is shown in Fig. 16(b) . By switching the physical mask with different shapes, the light pattern can easily be changed. Four physical masks with the shapes of star, square, heart and disk, were tested. Figure 16(d) shows the added textures on a vertical wall based on the angled tool with the four different masks. The thickness of the textures can be controlled by moving the tool with desired distances.
Experimental Results and Discussions
Four test cases have been performed to verify the capability of the CNC accumulation process in building features on various curved surfaces. The tool paths of the small and large tools that are used in the tests are denoted in the figures.
Test 1:
A Spiral Curve on a Flat Surface. A 2D spiral curve on a flat surface was first tested. In this test case, only the small tool was used in building the curve. The process only involves the X-Y translations. The planned tool path is shown in Fig. 17(a) . Accordingly, the built physical object is shown in Fig. 17(b) . In the test, different moving speeds were used due to the different lengths of the spiral ring. Based on our previous experiments, a speed of 1.8 mm/s was used in building the outermost ring, and a speed of 1.3 mm/s was used in building the innermost ring. Based on the built result, the speed of the outside ring seems to be too large, which lead to some defects as shown in the figure.
Test 2: An Inverse Conic
Cup. An inverse conical cup as shown in Fig. 18(a) was built to verify the capability of the process in building 3D cylindrical surfaces. The thickness of the cup wall is 2.3 mm. In the test, only the large tool was used in building the part. The planned tool paths are shown in Fig. 18(b) . In order for the cup wall to achieve better surface quality, the tool was inclined by an angle h as defined in the conical cup. During the building process, the rotation A is used to define the tool inclination; the rotation C is used for the tool to cure a whole layer in the same height; and the translation Z move the tool to a desired height. As shown in Fig. 18(b) , the base surface is built first by combining the rotation C and the translation X. In the test, a dent was also added on the cup wall. Its sizes are 1 mm in height and 2.3 mm in width. Accordingly, the layer thickness in the building process is set at 1 mm, except for the first layer. As shown in Fig. 18(c) , the first layer of the cup wall is nonuniform due to its connection to the bottom surface. For achieving the wall thickness of 2.3 mm, a moving speed of 0.4 mm/s was applied based on the test results as discussed in Sec. 4. The built physical object is shown in Fig. 18(d) . Note that the surface finish of the cup wall is smooth even for such a large tool size and layer thickness (1 mm was used in the test. In comparison, the layer thickness of the SLA process is $0.1 mm). This is mainly due to the tool orientation that was used in the fabrication process.
Test 3:
Fluidic Channels on a Cylindrical Surface. A test case of building fluidic channels on a cylindrical surface was performed to illustrate the tool path planning based on multiple tools. As shown in Fig. 19(a) , several fluidic chambers and channels are designed on a cylindrical surface. The main purpose of the fluidic channel design is to transport liquid from two chambers A and B into a mixing chamber C.
Since the cylindrical base is used for supporting the fluid channels, its uniform thickness is important while its lateral resolution is not. In comparison, the chambers and channels will define how liquid flows on the cylindrical surface. Consequently their resolution will determine the complexity of the fluidic system that can be achieved. In the test, the wall thickness is set at 0.5 mm (or 500 lm), and the smallest gap of the channels is set at 1.0 mm. Accordingly, the large tool is selected in building the base surface while the small tool is used in building the fluidic chambers and channels. The planned tool paths are shown in Fig. 19(b) , in which the paths of the large and small tools are shown with related notations.
The building processes using the small and large tools on a cylindrical surface are close to the ones as discussed in Secs. 5.1 and 5.2, respectively. The only difference is that the base surface and features are built by a combination of X, Y, Z translations and A rotation. An illustration of the cured layers in a cross-section plane is shown in Fig. 19(c) . The gray cylinders represent the large and small tool heads. T 1 , T 2 , and T 3 define the three moving directions involved in the building process. The cured areas based on the large and small tools are denoted in the figure. Accordingly the built physical object is shown in Fig. 19(d) . The fine features of the walls and the coarse features of the base can be observed from the object since they were built by the small and large tools, respectively. All the fabricated features are conformed to the given cylindrical surface.
Test 4:
Rods on a Spherical Surface. A test case of building rods on a spherical surface was performed to illustrate the capability of the CNC accumulation process on building features on a prefabricated surface. The CAD model of the test is shown in Fig. 13(a) . The building process is the same as the one discussed in Sec. 5.2, except that the base surface is an existing spherical shell that is fabricated by another manufacturing process. The rods were built by using the small tool. The planned tool paths are shown in Fig. 20(a) . The fabricated object is shown in Fig. 20(b) . The diameter of the fabricated rods is around 1.2 mm. The fabricated rods have a good surface finish mainly because each rod is built by moving the tool along its axial direction continuously. No stair-stepping effect is observed (refer to Fig. 21(b) for a microscopic image). As shown in Fig. 7 , the diameter of a rod can be controlled by moving the tool in different speeds. Accordingly, nonuniform diameters along a rod can be achieved by dynamically adjusting the tool's moving speed, which is also shown in the built physical object.
Comparison With
Layer-Based Approaches. The surface finish of a tilted rod using the multi-axis CNC accumulation process is quantitatively compared with the same rod that is fabricated by the SLA process. A tilted rod taken from the built object and its microscopic image are shown in Fig. 21(b) . A CAD model of a tilted rod with the same design parameters is constructed as shown in Fig. 21(a) . Two setups, a research system [20] based on the same resin and a commercial system (Ultra TM from EnvisonTec, Inc.) based on a different resin (SI500 from EnvisonTec, Inc.), were used in fabricating the designed CAD model. For a layer thickness of 0.1 mm and 0.05 mm, the built physical objects and their microscopic images are shown in Figs. 21(c) and 21(d) , respectively. Note that, in addition to the stair-stepping effect on the up-facing surface, both parts have extra materials on the bottom-facing surface due to the resin overcuring in the Z axis, especially for a resin that is more translucent. Some support structures are also added in order for the part to be built in the SLA process, which leave some marks on the bottom-facing surface. All the aforementioned effects make the built rods have much worse surface finish than the ones that are built by the multi-axis CNC accumulation process. The surface roughness of the fabricated up-facing surfaces is measured using a digital gauge mounted on a XZ linear stage. The measured results are shown in Fig. 22 , in which the microscopic images of the measured surfaces are also shown.
In addition to better surface quality, the CNC accumulation process can build the tilted rod in a much shorter time as well. The rod length in the CAD model as shown in Fig. 21(a) is 12 mm. The fabrication time for the CNC accumulation process is 16 s using the moving velocity of 0.75 mm/s. In comparison, the fabrication time using the mask-projection-based SLA process as shown in Fig. 21(c) is 25 min by using a layer thickness of 0.1 mm and a curing time of 1.2 s per layer). The fabrication time using the SLA process as shown in Fig. 21(d) is even much longer (60 min) by using a layer thickness of 0.05 mm and a curing time of 9 s per layer.
Conclusions
An additive manufacturing process based on multitool and multi-axis CNC accumulation has been presented for the fabrication of conformal features on curved surfaces. Accumulation tools with different sizes and shapes have been investigated with their parameter settings. The accumulation tools can be used in fabricating features with different resolution requirements. Similar to the CNC machining process, the integration of multiple tools in the CNC accumulation process can enable the process to achieve a good balance between feature resolution and building speed. In addition, the tools in the CNC accumulation process can have multi-axis motions. Based on such capability, features on curved surfaces can be fabricated with good surface finish and consistent material property. Using a developed prototype system, the building processes for common types of curved surfaces including flat, cylindrical and spherical surfaces have been tested. The experimental results also illustrate that the multitool and multi-axis CNC accumulation process can be beneficial for building conformal features on curved surfaces. Considerable work remains to mature the newly developed AM process. Some current work that are under investigation include developing accurate shape and size control, exploring new types of accumulation tools with higher resolution, and exploring new applications that are enabled by the CNC accumulation process.
